We fabricated GaAs/AlGaAs quantum dots by droplet epitaxy method, and obtained the geometries of the dots from scanning transmission electron microscopy data. Post-thermal annealing is essential for the optical activation of quantum dots grown by droplet epitaxy. We investigated the emission energy shifts of the dots and underlying superlattice by post-thermal annealing with photoluminescence and cathodoluminescence measurements, and specified the emissions from the dots by selectively etching the structure down to a lower layer of quantum dots. We studied the influences of the degree of annealing on the optical properties of the dots from the peak shifts of the superlattice, which has the same composition as the dots, since the superlattice has uniform and well-defined geometry. Theoretical analysis provided the diffusion length dependence of the peak shifts of the emission spectra.
Droplet epitaxy (DE)
1 is a novel growth method based on molecular beam epitaxy, which allows for the fabrication of a large variety of nanostructures with different geometries ranging from quantum dots (QDs), 2 quantum dot molecules, 3, 4 to single ring, and concentric rings. 5 Unlike the Stranski-Krastanov method, DE enables the formation of QDs even with materials with small lattice mismatch. 6 However, for QDs grown by DE, post-thermal annealing is essential to optically activate the transitions, due to the relatively large numbers of defects in as-grown samples. Several papers have reported significant changes in the optical spectra of QDs by post-thermal annealing. [7] [8] [9] [10] However, only few articles have reported the structural changes of DE QDs and the diffusion length, which directly affect the QD peak shift during post-thermal annealing, from the QD peak itself. 10 Thus, more in-depth study is necessary for real application of DE QDs.
In this paper, we experimentally and theoretically investigate the effects of post-thermal annealing on the emission energies of GaAs/AlGaAs QDs grown by DE. We specify the emission peaks from QDs by selectively etching the sample and comparing the cathodoluminescence spectra in the regions with and without QDs. In addition, we show that the diffusion length of GaAs due to the annealing process can be obtained from the emission peak shift of the underlying GaAs/AlGaAs superlattice (SL) with high precision. We apply the diffusion to the QD model obtained by scanning transmission electron microscopy (STEM), and show the good agreement between the theoretical results and experimental measurements.
Figure 1(a) shows the structure of our GaAs/Al 0.3 Ga 0.7 As DE QDs and short period SL.
We fabricated the samples on n-typed GaAs (001) wafers. After the growth of a 300 nmthick GaAs buffer, 10 alternating repetitions of a 10 nm-thick Al 0.3 Ga 0.7 As and a 10 nm-thick GaAs short period SL, and a 50 nm-thick Al 0.3 Ga 0.7 As layer were grown successively. Then, GaAs QDs were grown by droplet epitaxy. Details of the growth sequence are described elsewhere. 11 After the growth of the dots, a 10 nm-thick Al 0.3 Ga 0.7 As layer was grown by a migration enhanced method, and an additional 40 nm-thick Al 0.3 Ga 0.7 As layer and a 2 nmthick GaAs layer were grown successively. We annealed the sample at 750
• C for 240 s in an and width 35.6 nm of the as-grown dots from STEM data, and the in-plane density of dots ∼4×10 9 /cm 2 from atomic force microscopy data. The dashed (black) and solid (red) lines in In addition, the photoluminescence spectra show that the post-thermal annealing activates the transitions at 1.7∼1.8 eV, which are apparently distinguishable from the SL peaks. To investigate the physical origin of the transitions, we etched the annealed sample to the lower layer of the dots, while leaving a mesa structure with a diameter of 3.6 µm. shows the field emission scanning electron microscopy data of the mesa structure (denoted as in), and etched region (denoted as out). In Fig. 1(f) , we plot the cathodoluminescence spectra from the mesa (red solid line; in), and the etched region (black dashed line; out), respectively. The peaks at 1.67 eV are observed from both the mesa and etched region, while the transitions over 1.7 eV are observed only at the mesa. Since QDs exist only in the mesa, we concluded that the transitions over 1.7 eV in Figs. 1(d) and 1(f) originate from the GaAs QDs.
We performed numerical simulations to investigate the emission energy shifts of the DE QDs by the annealing process. We calculated the electronic structures and exciton spectra of the dots, by using an eightband k · p method, and a configuration interaction method, respectively. [the two closely spaced sharp peaks in Fig. 1(d) ]. We calculated the diffusion length of 2.4 nm from the experimentally observed SL peak after the annealing [ Fig. 1(d) ] and the relation between the emission energies of SL and diffusion lengths [ Fig. 2(b) ]. We applied the obtained diffusion length to a QD model estimated from the STEM data [ Fig. 1(b) ].
Figures 2(c) and 2(d) show the Al composition profiles of the AlGaAs dot before, and after the annealing, respectively. Due to the lens-shaped geometry of the dot, the composition grading below the dot is much larger than that above the dot. 13 We plot the calculated emission spectra of the dot with varying diffusion lengths in Fig. 3 . In spite of the lack of biaxial strain between GaAs and AlGaAs, the heavy-hole and light-hole states still exhibit small but finite splitting, due to the difference between the effective masses of the holes. In addition, the energy spacing between the electron states is much larger than that between the hole states since holes are much heavier than electrons. Thus, the peaks from QDs for each diffusion length are classified into several groups; s-channel (marked as S), p-channel (marked as P), and so forth. The post-thermal annealing with a diffusion length 2.4 nm shifts the S and P emission peaks from 1.575 and 1.607 eV (diffusion length = 0 nm) to can be explained by the composition profiles of SL [ Fig. 2(a) ]. The composition grading mainly occurs at the boundary for small diffusion (diffusion length ≤ 1.0 nm), while the whole area of the layer (and dot) becomes graded as the diffusion length increases. Thus, the amount of the peak shift increases with the diffusion length. However, as the diffusion length increases over 3.0 nm, the quantum confinement energy considerably reduces, thus the peak shift gradually decreases. The energy difference between the ground emission peak S and the first excited emission peak P increases as the diffusion length increases, up to the diffusion length of 2.4 nm, then decreases, as the diffusion length increases. On the contrary, the energy difference between the ground peak S and its satellite peak (marked as Satellite) monotonically decreases, as the diffusion length increases. In addition, as the diffusion length increases, the emission strength of the satellite peak grows, and the number of p-channels reduces from four to three.
In conclusion, we fabricated GaAs/AlGaAs QDs by DE, and investigated the effects of post-thermal annealing on the emission energies. The analysis of photoluminescence and cathodoluminescence data with mesa etched structure reveals that the post-thermal annealing process considerably shifts the emission peaks of the dots. We calculated the diffusion length of our GaAs/Al 0.3 Ga 0.7 As system from the photoluminescence peak shifts of the underlying SL. By applying the obtained diffusion length 2.4 nm to the QD model estimated from the STEM data, we confirmed that the peaks above 1.7 eV in the annealed 6 sample originate from the diffused GaAs DE QDs. Theoretical analysis provided the diffusion length dependence of the emission energies of QDs and SL. We show that the amount of the peak shift exhibits a maximum at around a specific diffusion length, and reduces as the diffusion length deviates from that value, due to the competition between the blueshift by composition grading and the redshift by quantum confinement. As a result, more careful control of annealing conditions are necessary for the post-thermal annealing in this regime.
This 
